Volatile organic compounds (VOCs) provide animals with multiple cues about location, type, and condition of valuable resources such as food. In particular, odour cues are often essential for the localization and discrimination of resources with patchy distribution. Dung beetles (Scarabaeoidea) rely on such scented resources to locate food for their own diet and to provision their progeny. Despite the beetles' mostly generalist choice across dung types, several studies showed that the beetles prefer some dung types over others. Yet, the importance of VOCs for dung localization and differentiation remains unclear. In this study, we used six single chemical components (indole, skatole, phenol, butyric acid, 2-butanone, and p-cresol), two different blends of these components, and six different dung types for a detailed behavioural analysis of dung beetles. We found very little specialization of beetle species towards specific VOCs. We found that dung baits and baits with synthetic compounds attracted similar communities of dung beetles, but the visitors of synthetic baits exhibited much lower diversity and abundance. The analysis of dung scent profiles of six types of dung revealed both, unique patterns in composition and ubiquitous components such as p-cresol. However, when we used a six-component blend of synthetic compounds, it turned out to be as attractive as three of the most attractive dung types in the field. Our findings highlight the significance of key VOCs, but, moreover, that dung beetles use a blend of specific components for resource localization.
Introduction
Detritus can be either an abundant resource with low energetic value (leaf litter) or high in energy but sporadic and ephemeral (animal droppings or carcasses). As a consequence, the majority of dung-feeding (coprophagous) insects are supposed to be generalists in their selection of dung (Hanski and Cambefort 1991) . However, several studies revealed preferences in the choice and utilization of different dung types by dung beetles (Coleoptera: Scarabaeoidea) (Frank et al. 2017b; Galante and Cartagena 1999; Hanski and Cambefort 1991; Martín-Piera and Lobo 1996; Whipple and Hoback 2012) . This phenomenon of "choosy generalism"-the selection of more valuable resources in the case of availability-has been shown to be quite common among other polyphagous detritivores and decomposers, such as collembolans or mites (Klironomos et al. 1992; Schneider and Maraun 2005) . Yet, such preferences could have evolved and can persist only if dung types vary in cues that are representative for resource quality or quantity, allowing dung 1 3 beetles to respond to or distinguish among different types of dung resources.
Volatile organic compounds (VOCs) provide animals with multifaceted information such as location, type, and condition of resources (Jones 2017; Schmitt et al. 2004; Verdu et al. 2015) . Hence, especially for ephemeral and scarce resources, odours composed of specific VOCs are mandatory for localization and decision-making (Vet and Dicke 1992) . As recently reviewed by Vuts et al. (2014) , the superfamily Scarabaeoidea is able to use a large range of semiochemicals, including kairomones for resource localisation and pheromones for intra-and interspecific communication. As in other insect species, dung beetles detect VOCs via olfactory sensilla on their antennae (Gill 1991; Inouchi et al. 1988) , and use dung VOCs as they perform cruising flights to find dung. Dung scents are composed of a vast number of different VOCs, yet some compounds, such as p-cresol, indole, and skatole, appear to be quite common in all dung types, potentially providing cues for generalist foraging behaviour of dung beetles (Dormont et al. 2007 (Dormont et al. , 2010 Stavert et al. 2014) . However, some substances appear to be specific for a particular dung type, e.g., phenol and dimethyl disulfide (DMDS) for carnivore dung or carrion (Dormont et al. 2007 (Dormont et al. , 2010 Stavert et al. 2014) , providing potential cues for a specialist behaviour of dung beetles. Preferences for resources from different trophic levels, such as dung from herbivores, omnivores, carnivores, or even the use of carcasses are highly variable and still lack of basic understanding (Hanski and Cambefort 1991; Whipple and Hoback 2012; Frank et al. 2017b) . Olfactometer bioassays with different dung types (Dormont et al. 2004 (Dormont et al. , 2007 supported the hypothesis of a "choosy generalism" for dung beetles and showed that respective dung scents allow the identification and choice of specific dung types. Identified dung VOCs (as single compound or blends) can be used to attract dung beetles in the field; however, dung baits appear to attract a broader range of different dung beetle species in higher abundances (Wurmitzer et al. 2017) . Thus, both the identity and the combination of single VOCs might be important for dung attractiveness (Wurmitzer et al. 2017 ), but there is little knowledge of whether dung beetles use individual scents or multi-compound blends to locate and discriminate among preferred dung resources (see also Stavert et al. 2014; Wurmitzer et al. 2017) . Hence, it is not yet possible to propose a VOC-based scenario that would conclusively explain preferences for certain dung types despite the generalist foraging behaviour in dung beetles.
In this study, we use single compounds, their blends, and different types of dung in a comparative large-scale field approach to test the attractiveness of VOCs and complex VOC blends for dung beetle communities in Central Europe. We used dung of six different mammalian species (cow, sheep, horse, deer, wild boar, and fox) to correlate the attraction of synthetic VOC compounds and blends with natural dung bouquets. In a previous study (Frank et al. 2017b) , we found that all used dung types were generally attractive, but to a different extent to a broad spectrum of dung beetle species. Dung attractiveness was unrelated to the dung nutrient quality, i.e., the amount and composition of amino acids, fatty acids, and sterols (Frank et al. 2017a ). In the present study, we analyzed volatiles of different dung types and correlated the trapping efficiency of dung with full scent profiles, as well as with single identified components of these profiles.
We tested (1) whether dung beetle species differ in their attraction to VOCs, i.e., whether they show some specialization. We (2) analyzed dung VOCs and then tested (3) whether observed patterns in preference for dung and VOC bait visitation are explained by the dung VOC composition. Finally, since dung odour contains a large number of different VOCs, we tested (4) whether blends containing multiple volatiles are more attractive than single compounds and less attractive than natural dung samples with complex bouquets.
Materials and methods

Study site
The study was conducted within the framework of the Biodiversity Exploratories project, comprising three regions with representative forest and grassland sites in North-East, Central, and South-West Germany. The three regions are: (1) Biosphere Reserve Schorfheide-Chorin (in North-East Germany, ~ 13,000 km 2 , 3-140 m a.s.l., 13°23′27″-14°08′53″E/52°47′25″-53°13′26″N), (2) Hainich National Park and its surroundings (in Central Germany, ~ 13,000 km 2 , 285-550 m a.s.l., 10°10′24″-10°46′45″E/50°5 6′14″-51°22′43″N), and (3) Biosphere Reserve Schwäbis-che Alb (in South-West Germany, ~ 422 km 2 , 460-860 m a.s.l., 09°10′49″-09°35′54″E/48°20′28″-48°32′02″N). Within each region, 100 square-shaped experimental sites (hereafter: sites) were chosen at random, 50 sites in forests (each 100 × 100 m) and 50 in grasslands (50 × 50 m). In total, the study sites cover approximately 10% of Germany's agricultural land, pastures, and forests. For more details of the Biodiversity Exploratories, see Fischer et al. (2010) . To account for the whole dung beetle community and depict a representative selection of their habitats, we sampled a subset of 54 sites (9 forests and 9 grasslands per region). Our sampling took place on 06-24 April 2015.
Experimental design
To assess dung beetle abundance and preference towards different bait types, we used dung baits and scent baited pitfall traps (hereafter: chem baits), containing single chemical components and blends. We used six dung types from three livestock and three game species: cow (Bos taurus L., 1758), horse (Equus caballus L., 1758), sheep (Ovis aries L., 1758), red deer (Cervus elaphus L., 1758), wild boar (Sus scrofa L., 1758), and fox (Vulpes vulpes L., 1758). For the chem baits, we used six single components: 2-butanone [Fluka, USA, ≥ 99.5% (GC)], butyric acid [Aldrich, Germany, ≥ 99% (GC)], phenol [Fluka, USA, ≥ 99% (GC)], indole [Fluka, USA, ≥ 99% (GC)], skatole (Roth, Germany, ≥ 99%), and p-cresol [Fluka, USA, ≥ 99% (GC)]. All components are known to occur in dung samples and some of the components elicit responses in the beetles' antennal olfactory sensory neurons (Dormont et al. 2007 (Dormont et al. , 2010 Inouchi et al. 1988; Stavert et al. 2014 ). In addition, we created two chem baits by blending four components (small blend: 2-butanone, butyric acid, indole, and skatole) and all six components (large blend), to test for enhanced attractiveness with a rising number of volatiles. Cow and horse dung was collected at the Oberfeld farm in Darmstadt, and sheep dung was collected at a sheep farm in Darmstadt. Game species dung was collected in the wildlife park Alte Fasanerie in Hanau (fox, wild boar, and red deer) and at the zoo OpelZoo in Kronberg (fox). For dung baits, we only used fresh droppings and excluded old, dried droppings. Droppings of wild boar, deer, and sheep were collected when relatively soft and moist. Dung from cow, horse, and fox was obtained from stables and enclosures on a daily basis by the farmers and the wildlife park staff, and hence, we always received fresh samples of dung. In the case of obvious colonization by coprophagous insects (presence of holes, tunnels, larvae, or dung beetles), we excluded the dung sample. To prevent compromising baits due to medication (Lumaret et al. 2012; Verdu et al. 2015) , we ensured no medical treatment for several weeks before dung sampling (interviews with farmers and animal keepers). We placed the dung for each bait in an individual clean empty tea bag (approx. 35 g, Rubin, Burgwedel, Germany). The filled tea bags were placed in a plastic freezer bag for transfer. Afterwards, the freezer bags were sealed, labelled, and stored at − 20 °C until use, to prevent microbial decomposition or moulding. For the chem baits, we used 0.5 ml of liquid components (2-butanone and butyric acid) and approx. 0.5 g of dry chemical components (indole, skatole, phenol, and p-cresol) .
We used 14 pitfall traps (six dung types and eight chem baits) at each baiting site. The baits were placed randomly at a distance of 10 m from each other at each baiting site. The traps were made of 500 ml plastic cups with inserted dome lids as funnels and tea bags filled with either dung or tissue paper covered with the corresponding chem bait, attached to a skewer by an elastic strap. We placed the traps at ground level and took care that there was no barriers for walking beetles. Each bait was approximately 10 cm above the center of the trap. The experimental setups remained at each site for 48 h. Trapped beetles were collected, labelled (date, site-ID, and bait type), and stored in a freezer at − 20 °C. In the lab, dung beetles were identified to species level based on the literature (Bunalski 1999; Freude et al. 1969; Rössner 2012) and with the help of taxonomy experts (see Acknowledgements).
Chemical analysis of dung volatiles
For the extraction of dung-specific volatiles, we used approx. 30 g of fresh dung for each dung type. The dung sample was placed in a petri dish and covered with a reversed funnel (both made of glass). The whole setup was covered and sealed in a polyester tube (PET, Toppits; Minden, Germany). To ensure a steady airflow and avoid contamination, we used a charcoal filter embedded in the tube (Charcoal activated granular; AppliChem, Darmstadt, Germany). Dung volatiles were trapped with a ChromatoProbe filter system containing a mixture of Tenax and Carbotrap (1.5 mg of each adsorbent; Supelco, Munich, Germany) (Dötterl et al. 2005) , which was attached at the pointed end of the funnel. A continuous airflow was led for 4 h through the filter system [using a vacuum pump (Vacuubrand MZ 2C, Wertheim, Germany)] with approx. 100 ml min −1 . The adsorbed volatiles were eluted with 3 × 50 µl pentane/acetone (9:1) (Merck KGaA, Darmstadt, Germany, > 99.5% purity). The solvent was evaporated to approx. 20 µl under a gentle stream of nitrogen for further analysis. Two dung sample replicates for each dung type were analyzed with a QP2010 Ultra GC/ MS (Shimadzu, Duisburg, Germany). The gas chromatograph was equipped with a ZB-5MS fused silica capillary column (30 m × 0.25 mm ID, df = 0.25 µm) from Phenomenex (Aschaffenburg, Germany). 3 µl sample aliquots were injected using an AOC-20i autosampler system from Shimadzu (Duisburg, Germany) into a programmable temperature vaporizing split/splitless injector (Optic 4, ATAS GL, Eindhoven, The Netherlands), which operated in splitless mode. The injection temperature was 40 °C (5 s hold) and was raised to 230 °C with a heating rate of 20 °C/s and then an isothermal hold for 30 min. Hydrogen was used as carrier gas with a constant flow rate of 3.07 ml/min. The temperature of the GC oven was raised from initial 40 °C for 1 min, to 230 °C with a heating rate of 7.5 °C/min, and then an isothermal hold at 230 °C for 5 min. Electron ionization mass spectra were recorded at 70 eV from m/z 40 to 350. The ion source of the mass spectrometer and the transfer line were kept at 230 °C and 300 °C, respectively. Identification of dung-specific volatiles was carried out using the mass spectral databases NIST 11, Wiley 9, MassFinder 3, FFNSC 2, and Adams. Whenever possible, components were verified using retention indices and mass spectra of authentic standards by comparison with published retention indices. We calculated the retention indices of VOCs using an alkane standard mixture (C7-C40 dissolved in hexane; Sigma-Aldrich, Germany) applying the method of van den Dool and Kratz (1963) . To calculate the relative composition of every VOC, we compared total ion abundances of each VOC with the summed total ion abundances of all other VOCs in a sample. Contaminates were excluded based on the negative control collected from laboratory air.
Data analysis
Data analysis was conducted with the statistical software R 3.3.2 (R Core Team 2016). For sampling completeness, we used an abundance-based coverage estimator (ACE) according to Chao and Lee (1992) , while, for community analyses (species richness, Shannon diversity) and to test for correlations between sampled communities and scent composition of each dung type (Mantel test), we used the R package 'vegan' (Oksanen et al. 2007 ). The variation in species-specific preferences for certain dung types or scents across dung beetles was assessed by the standardized complementary specialization index (H 2 ′) (Blüthgen et al. 2006 (Blüthgen et al. , 2007 ; see also Wurmitzer et al. 2017 . In addition, we used the overall sum of the collected beetles with dung baits and the sum of the collected beetles for each specific chem bait to test for a bait-type-driven specificity (dung versus chem bait). The corresponding H 2 ′ provides the degree of specialization for the collected dung beetle community between overall dung and single chem baits.
We used PAST 3 (Hammer et al. 2001 ) to test for differences in bait attractiveness (Wilcoxon paired test with Bonferroni correction) and differences in community composition between dung and chem baits [PERMANOVA on Bray-Curtis similarities (BCS)]. The mean compositional data (in %) were subjected to the cluster analysis using UPGMA on BCS. We are aware of habitat preferences of dung beetles (Frank et al. 2017b) , and thus, we pooled all data in our analysis (for all regions and habitats) to account for the complete dung beetle community and avoid compromising effects, driven by the beetles' occurrence in the field. Trends for community comparison (H 2 ′) remain significant after exclusion of A. prodromus, the most dominant species.
Results
In total, we collected 5727 individuals from 21 species of dung beetles at 54 experimental sites. 3714 individuals (21 species) were collected with dung baits, while 2013 individuals (10 species) were collected with chem baits (Supplementary Material S1). The abundance-based estimates of the species richness for dung baits (ABE) showed sampling completeness of ≥ 86%, whereas chem baits showed sampling completeness of ≥ 75% (large blend, small blend, butyric acid, and p-cresol), except for skatole with 67%. Sampling completeness of 2-butanone, indole, and phenol could not be estimated due to low numbers of collected individuals. The majority of individuals, collected with dung baits and chem baits, belonged to the Aphodiidae (n = 5025), followed by Scarabaeidae (n = 631) and Geotrupidae (n = 71), with an outstanding number of Aphodius prodromus (n = 4564).
Significantly more dung beetles were attracted by dung baits than chem baits (Fig. 1, dung baits: 68.8 ± 9.4, chem baits: 37.3 ± 12.3; Wilcoxon two-sample paired test, z = 4.06; P < 0.0001). Whereas species richness (z = 5.7, P < 0.0001) and effective Shannon diversity (z = 4.2, P < 0.0001) were higher in dung baits, the dung beetle community composition showed no differences between dung and chem baits (PER-MANOVA on BCS; permutations = 10.000, pseudo F = 1.44, P = 0.24). Dung beetle species were very similar in their dung type or volatile preferences, resulting in networks that indicate a very low complementary specialization (dung network: H 2 ′ = 0.102, chem network: H 2 ′ = 0.108) (Fig. 2a, b ). Yet, comparing the sum of dung baits and each specific chem bait of the sampled dung beetle communities (H 2 ′) showed altering differences. The composition of species found in skatole, the large blend and the small blend traps differed significantly from the community in dung-baited traps (all P < 0.0001), but the specialization of the beetles for the baits was low (H 2 ′ = 0.07, H 2 ′ = 0.14, H 2 ′ = 0.07, respectively). Butyric acid traps also contained significantly different species composition when compared to dung traps (P = 0.002) and H 2 ′ was comparatively higher (H 2 ′ = 0.35). All other compounds resulted in no significant differences and highly variable specialization (p-cresol: H 2 ′ = 0.04, P = 0.10; phenol: H 2 ′ = 0.11, P = 0.28; 2-butanone: H 2 ′ = 0.35, P = 0.14; indole: H 2 ′ = 0.02, P = 0.66).
The similarity analysis of dung-scented composition showed two clusters (first: horse, sheep, and deer; second: cow, fox, and wild boar) (Fig. 3a) , which rely on the GC/ MS analysis of the dung volatiles (Fig. 3b) and the most abundant VOCs of the dung scent (Fig. 3c) (please see Supplementary Material S2 and S3 for dung-related compound identification). However, we found no correlation between the composition of the dung beetle community collected with dung baits and the scent compositions of the dung types (Mantel test, permutations = 1000, R = 0.41, P = 0.16).
In total we found 55 different compounds that represent dung volatiles. Most components (22) were found in horse dung, where p-cresol and nonanal had the highest concentrations. Sheep dung contained 21 compounds with p-cresol and 2-octanone as major compounds. In deer dung, we found 20 compounds, with p-cresol being most abundant, followed by an unidentified sesquiterpene. For wild boar dung, we found 13 compounds with high amounts for p-cresol, methylbutric acid, and hexanoic acid. Cow dung comprised of 11 compounds, with p-ethyl phenol, p-cresol, and phenol as most abundant compounds. Fox dung showed the lowest number (9) of compounds, dominated by indole, phenol, and p-cresol. Overall, we only found p-cresol being part of all dung types examined.
We found significant differences in the numbers of collected individuals among the baits (Friedman test; dung baits: χ 2 = 130.5, df = 5, P < 0.0001; chem baits: χ 2 = 184.21, df = 7, P < 0.0001) (Fig. 4) . We found fox and deer dung being least attractive, while horse and sheep dung showed intermediate, and cow and wild boar dung led to the highest attraction. Chem bait efficiency showed a similar variation: 2-butanone, phenol, butyric acid, and indole attracted very few individuals, p-cresole, skatole, and the small blend attracted an intermediate number of individuals, while the large blend was the most attractive bait. Finally, the amount of collected beetles with the large blend did not differ significantly from the three most attractive dung baits-wild boar, cow, and sheep (Fig. 4 , Wilcoxon pairwise test, z ≥ 1.49, P ≥ 0.14).
Discussion
Dung baits outnumbered the chem baits in terms of the number of trapped species and abundance of individuals (Fig. 1a,  b) ; the abundance of dung beetles was different across all dung baits. Despite these differences, all dung types are used as a resource (Frank et al. 2017b) , which supports the hypothesis of choosy generalism in dung beetles (Dormont et al. 2004 (Dormont et al. , 2007 . For the focal beetle communities, we found almost identical network specialization among all dung and chem baits, including a low degree of specialization among different baits (dung and synthetic VOCs) (Fig. 2) . This emphasizes the general attractiveness of the chosen dung types and scents. However, the diversity of attracted beetles remained significantly lower for chem baits compared to dung baits, mainly due to a much lower total abundance of beetles caught with the chem baits (see also Wurmitzer et al. 2017 ).
As our chem baits attracted only a subset of dung beetle species collected with dung baits, this might indicate that we are still missing relevant volatiles significant for dung beetle foraging. The dung beetle communities showed no specialization towards our tested components or blends with only a few exceptions [see H 2 ′ for single baits (Results) and (Fig. 2] . For instance, 2-butanone was claimed to be one of the most volatile and attractive VOCs (Inouchi et al. 1988 ), yet we did not find it in any dung VOCs. The compound (a) (b) (c) Fig. 3 a Similarity of volatile organic compound (VOC) profiles of dung reveals two clusters (first: horse, sheep, and deer; second: cow, fox, and wild boar) displayed in a cluster dendrogram (using UPGMA on Bray-Curtis similarities). b Gas chromatograms of dung volatiles (asterisks mark nonane, which was also found in air blanks). c Chemical structures of the most abundant VOCs of the scent profiles appears to only occur in traces in natural sources (Neier and Strehlke 2002) and was one of the least attractive components in our study. Butyric acid, on the other hand, attracted more specific assemblages of beetle species (see also Wurmitzer et al. 2017) . However, the total number of beetles collected was very low, which makes it difficult to generalize these results. The large blend and skatole attracted more than twice the number of species than other chem baits. Taking into account the number of individuals attracted, this suggests that certain VOCs trigger the attraction of dung beetles, but a much more complex bouquet and/or a more specific quantitative composition of the already tested VOCs are needed for a better overall attraction. The volatile composition of different dung types, however, did not explain the composition of the dung beetle community attracted, suggesting that different species use different blends to locate the resources. This suggestion is also supported by the number of species and individuals, sampled with our composition of chem baits. Regarding the chem baits, preferences of dung beetles revealed little to no attraction for most of the single components, while skatole attracted as many individuals as the small blend of four components including skatole (indole, skatole, 2-butanone, and butyric acid). The large blend, a combination of the small blend with p-cresol and phenol, exceeded the remaining baits' in attractiveness, suggesting that p-cresol and/or phenol might be key components for dung beetle attraction. p-Cresol as the crucial compound in attraction of dung beetles is also underpinned by our dung VOC analyses, as it was detected in all investigated dung types, although p-cresol is not attractive as a single component. The large blend did not differ in attraction regarding the number of species and individuals of all collected beetles compared with the three most attractive dung types (Fig. 4) , thus simulating an attractive blend for the most generalist species. Similar results have been shown for houseflies (Cosse and Baker 1996) where a blend of three VOCs (butyric acid, skatole, and dimethyl trisulfide) was as attractive as pig dung (see also Zito et al. 2014) . The analysis of different dung types revealed the presence of multiple VOCs; several of them mentioned in the recent literature as being attractive for dung beetles and/or being part of dung scents (Stavert et al. 2014; Vuts et al. 2014) . These results, together with the attractiveness of the complex synthetic blend, might support the significance of using blends of VOCs instead of single compounds for resource location in dung beetles. The chemical analysis of the most attractive bait types showed that p-cresol is among the main VOCs in cow and wild boar dung (Fig. 3c) -the same substance are part of the most attractive chem baits. Our results may thus be the first step in selecting key components necessary for dung beetles to locate their resources.
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